Integration Site (IS) assays are a critical component of the study of retroviral integration sites and their biological significance. In recent retroviral gene therapy studies, IS assays, in combination with next-generation sequencing, have been used as a cell-tracking tool to characterize clonal stem cell populations sharing the same IS. For the accurate comparison of repopulating stem cell clones within and across different samples, the detection sensitivity, data reproducibility, and high-throughput capacity of the assay are among the most important assay qualities. This work provides a detailed protocol and data analysis workflow for bidirectional IS analysis. The bidirectional assay can simultaneously sequence both upstream and downstream vector-host junctions. Compared to conventional unidirectional IS sequencing approaches, the bidirectional approach significantly improves IS detection rates and the characterization of integration events at both ends of the target DNA. The data analysis pipeline described here accurately identifies and enumerates identical IS sequences through multiple steps of comparison that map IS sequences onto the reference genome and determine sequencing errors. Using an optimized assay procedure, we have recently published the detailed repopulation patterns of thousands of Hematopoietic Stem Cell (HSC) clones following transplant in rhesus macaques, demonstrating for the first time the precise time point of HSC repopulation and the functional heterogeneity of HSCs in the primate system. The following protocol describes the step-by-step experimental procedure and data analysis workflow that accurately identifies and quantifies identical IS sequences.
Introduction
Retroviruses insert their genomic DNA into the host genome at various sites. This unique property, which may contribute to the development of cancers and other forms of viral pathogenesis, has the ironic benefit of making these viruses highly amenable to cellular engineering for gene therapy and basic biology research. The viral Integration Site (IS) -the location on the host genome where a foreign DNA (virus) is integrated -has important implications for the fate of both the integrated viruses and the host cells. IS assays have been used in various biological and clinical research settings to study retroviral integration site selection and pathogenesis, cancer development, stem cell biology, and developmental biology 1, 2, 3, 4 . Low detection sensitivity, poor data reproducibility, and frequent cross-contamination are among the key factors limiting the applications of IS assays to current and planned studies.
Many IS analysis technologies have been developed. Restriction enzyme-based integration site assays, including Linker-Mediated (LM) Polymerase Chain Reaction (PCR) 5 , inverse PCR 6 , and Linear-Amplification-Mediated (LAM) PCR 7 , are the most widely used. The use of site-specific restriction enzymes, however, generates a bias during the retrieval of the IS, allowing only a subset of integromes (a foreign DNA integrated into the host genome) in the vicinity of the restriction site to be recovered 4 . Assay technologies that more comprehensively assess vector IS have also been introduced in recent years. These assays employ various strategies, including Mu transposon-mediated PCR 8 , nonrestrictive (nr)-LAM PCR 9 , type-II restriction enzyme-mediated digestion 10 , mechanical shearing 11 , and random hexamer-based PCR (Refree PCR) 2. Wash the beads twice with the washing solution and twice with 1X thermostable DNA polymerase buffer (diluted from 10x solution using nuclease-free water) using the magnetic stand. 3. Resuspend the beads in 50 µL of 1x thermostable DNA polymerase PCR buffer and place it away from the magnetic stand.
Immediately proceed with step 1.8.1 or store at 4 °C for up to one day. 12. Right-junction-specific amplification: 1. All procedures are identical to "Left-junction-specific amplification" (steps 1.11.1-1.11.3), except for the use of different primers; use the right-junction-specific primer (2R-primer, see Table 1 ) in this step.
PCR amplicon length variation test:
1. Analyze the PCR amplicon length variations by performing 2% agarose gel electrophoresis or capillary electrophoresis (Figure 2) . NOTE: This is an essential step to confirm the completion of the assay procedures and to make a rough assessment of IS patterns based on the PCR band patterns. The purified PCR amplicon from steps 1.11.3 and 1.12.3 can be used for various DNA sequencing platforms. Proceed with the appropriate sample preparation procedures for classical chain-termination (Sanger) sequencing or nextgeneration sequencing. The DNA may be stored at -20 °C.
Computational IS Sequence Analysis
1. Preparation of data files: 1. Prepare three input data files: a fasta format sequence data file (Test_data.fa in supplemental data), a tsv file for the search motifs for vector and linker sequences (Demultiplexing_Trimming_blunt_GTAC.tsv in supplemental data), and a tsv file for restriction enzyme information (Enzyme.tsv in supplemental data). NOTE: These files are required for demultiplexing, trimming vector and linker sequences, and removing internal vector sequences ( Figure 3A ). Detailed step-by-step instructions for implementing the computational workflow are provided in the README.txt file in the supplemental data.
Computational analysis:
1. Run demultiplexing and trimming scripts. NOTE: The raw sequence will be processed for demultiplexing and for the trimming of the vector, linker, and primer sequences (see STEP-1 in the supplemental README.txt file). 2. Run the mapping command (see STEP-2 in the README.txt file) to map the processed sequences onto the reference genome using a BLAST-like alignment tool (BLAT; www.genome.ucsc.edu). 3. Run the quantitative IS analysis script (see STEP-3 in the README.txt file). NOTE: Two output files (Initial_count_without_homopolymer_correction.txt and Final_count.txt) will be generated. More details on mapping and sequence enumeration strategies can be found in the "README.txt file in the supplemental data and in previous publications 2, 15 .
Representative Results
The bidirectional IS assay generated different sizes of PCR amplicons for both the upstream (left) and downstream (right) vector host junctions (Figure 2) . The size of a PCR amplicon is dependent on the location of the nearest GTAC motif upstream and downstream from an integrome. The assay also produced internal DNA PCR amplicons: retroviral sequences near the polypurine tract and the primer binding site were concomitantly amplified during left-and right-junction PCR, respectively. PCR amplicon bands can be visualized by capillary or agarose (2%) electrophoresis.
After sequencing, both the left-and right-junction sequences were analyzed by an in-house programming script for preprocessing raw sequences (including demultiplexing and trimming vector and linker DNA), mapping IS sequences onto the genome, identifying and counting identical IS sequences, and applying error correction procedures (Figure 3) . Locations of the 5'-end of the query sequences in the reference genome are considered IS and are used for initial counting of each IS. The criteria determining the two matching sequences-the upstream (left) and downstream (right) junction sequences originated from the same integrome-are based on the nucleotide sequence patterns of retrovirus-specific concerted integration and are as follows: (i) Two junction sequences align onto the genome in th opposite orientations. IS sequence counts are determined in three steps: (1) mapping IS sequences onto the genome using BLAT, which generates the mapping quality and separates individual IS sequences into "single-hit," "multi-hit," "no-hit," and "others" groups; (2) using the Basic Local Alignment Search Tool (BLAST) to compare single-hit sequences with other suboptimally mapped sequences, including multi-hits, no-hits, and others; and (3) identifying and correcting sequencing errors, including homopolymer errors. Multi-hit sequences are IS sequences that can align two or more genomic positions with a high mapping score. While still useful for identifying and quantifying clonal populations, the multi-hit sequences cannot be used for characterizing genomic integration site distribution patterns (for example, association with genes, repeats, or other genomic characters). In some rare cases, the two junction sequences show different mapping qualities. For example, one shows "single-hit," while the matching sequence shows "multi-hit." In such cases, both sequences are treated as "single-hit" sequences.
A portion of IS sequences with suboptimal mapping scores, showing high percent genome matching (identity) with an abnormal query size (QSIZE), or vice versa, were separated from "no-hits" and grouped into "others" for an additional and often manual re-evaluation. For example, when using BLAT for genome mapping, some IS sequences may show an abnormal QSIZE due to miss-matching nucleotides in the first or last 5-10 nucleotides. These sequences often do not meet the mapping criteria for "single-hit" or "multi-hit" status, despite having a relatively highquality mapping result.
A sample raw sequence data file (Test_DATA.fa: 33,374 sequences) and sample output data files are provided as supplementary data. 1 µg of genomic DNA from human repopulating cells, transduced with lentiviral vectors (FG12) in a humanized bone marrow/liver/thymus (BLT) mouse 17 , were analyzed using the bidirectional assay. Retroviral IS were found all over the genome. Typically, lentiviral vectors are overrepresented in genes, whereas gamma-retroviral vectors are overrepresented in transcription start sites 16 Sample gamma-retrovirus vector (pMX) integration site sequences are also included in the test data file. From a mixed Pmx-engineered cell sample, transduced with pMX expressing Oct4, cMyc, Klf4, and Sox2, 1,611 IS sequences and 129 unique IS were identified. Of 65 and 76 unique IS identified in the left and right junctions, respectively, 12 were in both junctions.
It has been previously shown that PCR amplicons of ≥500 bp are poorly sequenced in the pyrosequencing platform, whereas PCR amplicons of <500 bp are generally well-sequenced, without a notable bias with regards to sequence lengths 15 . Thus, sequence data from ≥ 500 bp PCR amplicons were excluded to remove length-associated sequencing bias. Only data from <500 bp PCR amplicon (termed as quantifiable vector integrome, or QVI) were used for quantitative clonal analysis. The relative detection frequencies of vector integromes were calculated using only the sequence counts of IS junctions generating <500 bp PCR amplicons (Figure 4B-4D ; also see Table 2 ). Approximately 77% of the vectors could be quantitatively analyzed by this strategy ( Figure 4B) . As a result, the calculated frequencies for each QVI were expected to overestimate the true frequencies in the sample (Figure 4E ) by 1.25x. Three data files, including a fasta format sequence file, a file with reference sequence motifs for demultiplexing and trimming, and a file with restriction enzyme information, are required. Sample files, including Test_DATA.fa (sequence data), Demultiplexing_Trimming.tsv (search sequence motifs), and Enzyme.tsv (restriction enzyme recognition sequence), are provided as supplemental data files. The processed sequences (host-genome sequences) from Part 1 will be mapped against the reference using BLAT. Locations at the 5'-end of the query sequences in the reference genome are considered to be the integration sites ( Table 2) . Sequence counts for each IS are determined in three steps: (1) mapping IS sequences onto the genome using BLAT; (2) comparing single-hit IS sequences (aligning onto a unique site of the host genome) with other sequences that were suboptimally mapped onto the genome; and (3) identifying and correcting sequencing errors. More details on mapping and sequence enumeration strategies can be found in previous studies 2, 15 . (B-C) Two sample single-stranded DNA sequences for the downstream (B) and the upstream (C) vector-host junctions are shown. Pyrosequencing primers A and B (green) are used for droplet PCR and sequencing. The color codes agree with those in Figure 1 . The sample downstream junction sequence (B) includes Primer A (green), MID (green), Vector U5 end (red), host genome (blue), linker (purple), and Primer B (green). In a mixed (upstream and downstream) DNA sequencing, Primer A is used for sequencing the downstream junctions (B), and Primer B is used for sequencing the upstream junctions. The sample upstream junction sequence (C) includes Primer B, MID, Vector U3 end, host genome, linker, and Primer A. Please click here to view a larger version of this figure. 
Discussion
The bidirectional assay enables the simultaneous analysis of both the upstream (left) and downstream (right) vector-host DNA junction sequences and is useful in a number of gene therapy, stem cell, and cancer research applications. The use of GTAC-motif enzymes (RsaI and CviQI) and the bidirectional PCR approach significantly improves the chances of detecting an integrome (or a clonal population) when compared to previous TCGA-motif enzyme (TaqαI)-based assays 2,15 and other unidirectional LM-PCR approaches 5 . The bidirectional assay improves the analysis of IS, particularly in the limited DNA samples that often arise in clinical or small-animal-model studies.
Steps 1.1-1.7 are critical step and should be done without unnecessary delays. These steps are usually done in one day. Testing enzymes prior to these steps is highly recommended. Steps 1.9 and 1.10 are optional. These steps will reduce internal vector DNA sequences that are concomitantly amplified with IS sequences. , and pMX-based gammaretroviral vectors 22 . Depending on the nucleotide variations in the long terminal repeat (LTR) sequences, the primer design and experimental approach may need a proper modification.
The blat software used for mapping is only compatible with fasta format and does not work with fastq files. One can convert the fastq files to fasta using various software tools, such as FASTX-Toolkit or BBTools. A user with basic knowledge of python can use Biopython to convert the fastq files to fasta for mapping them with blat.
It is expected that a portion of the IS will not be detected with the bidirectional IS assay and, even if detected, will not qualify for downstream clonal quantification. When GTAC-motif enzymes were used, approximately 23% of the integromes in the sequence data generated by the pyrosequencing platform did not pass the analysis criteria for quantitative IS sequence analysis (Figure 4) . When comprehensive IS coverage is critical, for example in the safety monitoring of gene-engineered cells in gene therapy settings, it is advisable to choose an assay with unrestricted genome access to IS 8, 9, 10, 11, 12 or to to reanalyze the same sample with a different or optimized combination of restrictases 4, 18 .
IS assays with unrestricted genome access, such as non-restrictive LAM PCR and random-shearing approaches 19, 20 , hold particular promise for comprehensive IS analysis. These approaches use technologies that are relatively difficult to control, making it hard to predict the outcome of genomic DNA fragmentation and IS amplification. On the other hand, IS assays using well-characterized restriction enzymes have two major benefits: (1) It is relatively easy to calibrate and optimize assays, because the assay outcomes are more predictable due to the specificity of the enzyme reaction and the availability of reference genome sequences. (2) Sequence data are highly reproducible once the assay conditions have been optimized. The bidirectional PCR with optimized conditions has proven useful for large-scale and accurate clonal quantification 2, 15 . Although only a portion of existing clonal populations have been analyzed due to restriction enzyme bias, the quantities of individual clones were accurately measured, thereby enabling the accurate determination of clone size variations within and across samples. A sufficient number of clones were generated to determine stem cell behavior patterns and functional heterogeneity.
The PCR amplicons produced from this bidirectional PCR procedure are suitable for any downstream sequencing platform. Due to the high sensitivity of the assay, the utmost care should be taken to prevent cross-contamination by performing experiments in a contamination-free room. The inclusion of a negative (no-template) control experiment is advised for all PCR steps. Even with the most careful practice, preventing sample-to-sample cross-contamination is extremely difficult. Thus, when comparing clonal populations from different samples, it is advisable to employ a collision control, which removes potential contaminated data 23 , and a cutoff for low-frequency, unreliable clones 2 in order to minimize noise from cross-contaminated DNA. The bidirectional approach generates IS data for both ends of the integromes, thereby providing an additional opportunity to reduce potential false-positive detection errors.
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